Osteoporosis has a complex etiology and is considered a multifactorial polygenic disease, in which genetic determinants are modulated by hormonal, lifestyle, environmental, and nutritional factors. Therefore, investigating these multiple factors, and the interactions between them, might lead to a better understanding of osteoporosis pathogenesis, and possible therapeutic interventions. The objective of this study was to identify the relationship between three blood metals (Pb, Cd, and Al), in smoking and nonsmoking patients' sera, and prevalence of osteoporosis. In particular, we focused on gene-environment interactions of metal exposure, including a dataset obtained through genome-wide association study (GWAS). Subsequently, we conducted a pathway-based analysis, using a GWAS dataset, to elucidate how metal exposure influences susceptibility to osteoporosis. In this study, we evaluated blood metal exposures for estimating the prevalence of osteoporosis in 443 participants (aged 53.24 ± 8.29), from the Republic of Korea. Those analyses revealed a negative association between lead blood levels and bone mineral density in current smokers (p trend <0.01). By further using GWAS-based pathway analysis, we found nuclear receptor (FDR<0.05) and VEGF pathways (FDR<0.05) to be significantly upregulated by blood lead burden, with regard to the prevalence of osteoporosis, in current smokers. These findings suggest that the intracellular pathways of angiogenesis and nuclear hormonal signaling can modulate interactions between lead exposure and genetic variation, with regard to susceptibility to diminished bone mineral density. Our findings may provide new leads for understanding the mechanisms underlying the development of osteoporosis, including possible interventions.
Introduction
Osteoporosis is a skeletal disease characterized by reduced bone mass, impaired bone quality, enhanced bone resorption, and increased fracture risk. Operationally, it is defined as a bone mineral density (BMD) value -2.5 SD below the young adult mean for the population. Twin and family studies have estimated the heritability of BMD as approximately 0.85 [1] . To date, PLOS ONE | https://doi.org/10.1371/journal.pone.0193323 March 8, 2018 1 / 14 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
indexes, such as blood pressure, and collection of biospecimens for assays, was conducted every two years, by health professionals trained by a standardized protocol. Physical activity was quantified by metabolic equivalent (MET) intensity [21] . Educational attainment was categorized into three groups: less than 7 total years (elementary school graduates), 7-9 years (middle school graduates), and more than 10 years (high school graduates). Monthly household income was also categorized into three groups: less than $1,000 USD (in 2014), $1,000-$2,000, and ! $2,000 [22] . This study was reviewed and approved by the Institutional Review Board of the Korean National Institute of Health.
Measurement of BMD
BMD (g/cm 2 ) and elasticity were assessed by the bone speed of sound (SOS) value [23] , measured at the distal radius and midshaft tibia, using an Omnisense 7000P quantitative ultrasound (QUS) device (Sunlight Medical Ltd, Tel-Aviv, Israel). T-scores, represent comparisons of the BMD measurements of study subjects to normal values of healthy young adults of the same gender. The T-score is calculated by dividing the difference between the measured and mean SOS value in a healthy young adult population, and expressing the difference, relative to standard deviation (SD), of SOS values in a young adult population.
Metal assessment
Blood samples were drawn into trace metal-free tubes, and analyzed by a laboratory procedure certified by the Korean Ministry of Health and Welfare. Blood lead (Pb) and cadmium (Cd) levels were determined by atomic absorption spectrometry (SpectrAA-800 Zeeman, Varian, Australia). Blood aluminum (Al) was analyzed by inductively coupled plasma optical emission spectrometry (SPECTRO Midex, SPECTRO Analytical Instruments GmbH, Germany). Commercial reference materials were used for internal quality assurance and control (Lyphochek1 Whole Blood Metals Control; Bio-Rad, Hercules, CA, USA). The coefficients of variation for blood metals were 10%. External quality control was provided by the Korean Occupational Safety & Health Agency (KOSHA), and the German External Quality Assessment Scheme (G-EQUAS). The limits of detection (ng/ml) in blood for this procedure were: Pb (0.02); Cd (0.01); and Al (0.01). There were no values below limits-of-detection (LOD) levels for the three metals of interest.
Genotyping
The KARE dataset consisted of the individual SNP chip genotypes, associated with specific epidemiological/clinical phenotypes, for studying the genetic components of Korean public health. DNA was isolated from the peripheral blood of all participants, and genotyped using the Affymetrix Genome-Wide Human SNP Array 5.0 (Affymetrix Inc, Santa Clara, CA, USA). The obtained KARE dataset passed quality control criteria and was reported in a previous GWAS publication [20] . Exclusion criteria for quality control procedures were Hardy-Weinberg equilibrium p-values < 10 , genotype call rates < 95%, and minor allele frequencies (MAFs) < 0.05. All SNP chromosomal positions were updated to the human genome version 19 (hg19), as annotated in a file supplied by Affymetrix. After filtering for sample and genotype quality controls, 344,396 SNPs were available for assessing the KARE data.
an improved Gene Set Enrichment Analysis (GSEA) [25] . This approach has the advantage that genetic variant associations, mapping to any gene, provide insight into the biological functions, signal pathways, and mechanisms underlying human diseases.
In our study, 344,396 SNPs were mapped to gene-coding regions and their ± 20-kb flanking regions. Pathways consisting of <20 or >200 genes were excluded from further analysis, to reduce the multiple-testing issue, and avoid testing overly narrow or broad functional categories [25] . A false-discovery rate (FDR) was used for multiple testing correction, with q values <0.05 considered significant. An improved GSEA approach uses a comprehensive pathway/ gene set database from SNP data, with pathways integrated and curated from a variety of resources, including the KEGG (Kyoto Encyclopedia of Genes and Genomes pathway database), Biocarta, and GO (gene ontology) databases [26] .
Statistical analysis
For quantifying the demographics and characteristics of subjects, data were presented as means ± standard deviations, for continuous variables, or as percentages (%), for categorical variables (Table 1 ). Distinctions between subjects in different groups were detected using the Kruskal-Wallis test, for non-normally distributed continuous variables (PMID: 23075015), and the chi-square test, for categorical variables.
For investigating possible associations between blood metal levels and BMD, we used linear regression analysis. Based on their skewed distributions, blood levels of Pb, Cd, and Al were log-transformed, for further analysis. The results of the multiple linear regression models were then expressed as regression coefficients, and standard errors adjusted for potential confounding factors. Specifically, we used the Akakie Information Criterion (AIC) for variable selection for our statistical model [27] , because the AIC is a most commonly used criterion for model selection. The model with the smallest AIC value is usually chosen as a best model. Model 1 was adjusted for age, sex, and region (AIC = 1169.48). Model 2 was adjusted for age, sex, region, income, and physical activity (AIC = 1013.40). To explore the co-exposure effect of Pb, Cd, and Al on BMD, we performed multiple linear regression analyses, including two-way interaction terms such as Pb Ã Cd and Pb Ã Al, or a three-way interaction term, such as Pb Ã Cd Ã Al [28] . To test for interactions between SNPs and metals, for the purpose of identifying BMDassociated genetic variants, we tested gene-environment interactions by performing a 1-degree of freedom (1df) test of H 0 : β int = 0 (i.e., the context of the linear model:
, where Y i is the BMD T score for the individual i. The interaction term was then used to assess the significance of the interactions between genetic variants and blood Pb levels.
The critical P values for accessing the significance of interactions were calculated by Bonferroni correction (P <1.45 X 10
), or false discovery rate (FDR), with a q-value 0.05 considered significant. Quantile-quantile plots of the p-values, for the joint test and interaction analysis, suggested an inflation factor of 1.16 for the interaction effect. All analyses were performed using R software version 2.11.1 (www.r-project.org). Data management, descriptive statistics for the covariates and outcome variates, and regression analyses, were conducted using the R package Stats.
Results

General characteristics of participants
Geometric mean blood heavy metal concentrations varied according to population characteristics, as shown in Table 1 . The mean levels of blood Pb, Cd, and Al were 4.44 ± 1.80 μg/L, 1.14 ± 1.10 μg/L, and 1.26 ± 0.93 μg/L, respectively (median blood levels of Pb, Cd, and Al were 4.17, 0.84, and 1.1 μg/L, respectively). Blood Pb concentrations were highest in males (4.95±1.67 μg/L), followed by current smokers (5.18±1.76 μg/L), urban residents (4.61 ±1.60 μg/L), and high education level (4.52±1.80 μg/L). Blood Cd concentrations were also highest in current smokers (1.28±1.26 μg/L), followed by male gender (4.73 μg/L), while blood aluminum concentrations were highest in never-smokers (1.33±1.01 μg/L). Broadly, smoking status, sex, and living area associated with blood heavy metal concentration levels. Smoking was more prevalent in men, and associated with lower BMI and higher alcohol consumption (S1 Table) . Smokers in women were in menstruation status. We investigated the interaction between blood metals and smoking status on BMD. However, we observed no interaction between these variables (beta = -0.64, p = 0.17 for Pb; beta = -0.09, p = 0.45 for Cd; beta = -0.16, p = 0.32 for Al). 
Correlation between blood metal levels and BMD
Correlations between blood Pb levels, alcohol consumption, and BMD T scores (as assessed by distal radius) were significant in the smoking groups (ever-and current smokers) ( Table 2) . BMD T score negatively associated, while alcohol consumption positively associated, with blood Pb (but not Cd or Al) levels in ever-and current smokers. Moreover, there was no significant correlation between BMD T scores and the other two metals, Cd and Al (data not shown).
Association between blood metals and BMD score
Linear regression analysis showed that levels of blood Pb and Cd, in all participants, negatively associated with BMD (Table 3) , but did not correlate with lower BMD values in never-smokers, and only blood Pb negatively associated with BMD, in ever-and current smokers. For joint effects of metals, we found that co-exposure of Pb and Cd had a borderline significant association (p = 0.05) with low BMD, in current smokers, after adjustment for age, sex, region, income, and physical activity. Table 4 shows the results of linear regression models exploring the associations of the quartiles of blood Pb exposure with BMD. For ever-smokers, compared to the reference group (using the lowest interval as a reference), the quartile 3 and 4 groups of blood Pb negatively correlated with BMD (Table 4 , Model 1). Using Model 2, blood Pb levels also negatively associated with BMI in ever-smokers. Current smoking more significantly associated with low BMD, after adjusting for the same models. No correlative effects of Cd or Al were found for BMD (data not shown).
Interaction between blood Pb and BMD, at the pathway level
Based on the association between blood Pb levels and BMD, we further investigated interaction effects of Pb with genetic variants, with regard to BMD. With 352,228 SNPs having significant p-values for interaction terms, in the regression models, we first determined the significance of the interaction between genetic variants and blood Pb in current smokers, at the SNP DNA level. A list of SNPs associated with Pb-BMD interactions in current smokers, at P <5 x 10
, by joint test, is provided in Table 5 . Specifically, we identified SNP rs4720530, located within an intronic region of WIPI2, as the most significant SNP, with P = 3.96×10 −7 for blood Pb-to-BMD interaction. Other interesting SNPs were located near (±2 kb) or within the loci IGF-AS1, LOC107986002, CSRP2BP, and GREM1 (all nominal p values <8 x 10
−3
). However, there was no significant interaction between these SNPs and blood Pb levels (with regard to BMD), as determined by Bonferroni correction of multiple testing (nominal pvalue of 1.42 x 10 −7 of 352,228 SNPs)
Based on these findings, we tested pathway level-based interactions between blood Pb and genetic variation, according to SNPs with significant p values for enriched biological processes, in BMD. As shown in Table 6 , when mapping SNPs were limited to 20kb regions flanking a gene, two pathways, nuclear receptors and the VEGF pathway, were significantly enriched, with association signals and FDRs <0.05.
Discussion
To our knowledge, this is the first comprehensive study of interactions between genome-wide genetic variants and blood metal levels (specifically, lead (Pb), cadmium (CD), and aluminum (Al)), with regard to susceptibility to osteoporosis. To that end, we investigated the effect of blood metal levels on BMD (bone mineral density), as an endpoint for osteoporosis). In particular, we considered the interaction between genetic variants and blood metal levels, to identify comprehensive biological pathways for susceptibility to osteoporosis, due to metal exposure. Finding no significant correlations with Cd and Al, we exclusively studied the effects of Pb on BMD.
For our study, we used data from the Korean Association REsource (KARE) cohort (PMID: 19396169), finding that the geometric mean Pb concentration of Asian subjects, 4.44 μg/L, was almost 25% of the geometric mean of 1.44 μg/dL, in U.S. adults, in the 2001-2002 National Health and Nutrition Examination Survey (NHANES) [29] . However, the U.S. Centers for Disease Control (CDC) did not include the possible influence of smoking, and we showed here that even low blood Pb levels in smokers significantly associated with reduced BMD. Although average blood Pb levels have recently declined, even chronically low Pb exposures are now well-recognized as having a persistent negative impact on human health [30] . Serious Pb-related health issues, notably in the skeleton, can occur even at blood or environmental levels below currently regulated thresholds [19] . Moreover, epidemiological studies have also reported that low levels of blood lead associate with all-cause mortality [31] and hypertension [32] . Therefore, in addition to those outcomes, chronic exposure to low Pb levels can also affect bone density, and this phenomenon requires further investigation. Here, we show that blood Pb affects bone mineral density more strongly in smokers, in accord with many studies now showing a direct relationship between smoking and bone health. For example, in one recent study, cigarette smoking associated with low bone density, and increased the risk of hip fracture, in both women and men [33] . Others have shown a direct adverse effect of smoking on skeletal remodeling, bone cell health, and decreased BMD [2, 34] . These findings may partly relate to the influence of smoking on sex hormones, including estrogen and testosterone [35] . We postulate that this deleterious effect may be provoked by blood Pb, as smoking is a significant source of environmental Pb, demonstrating a dose-dependent relationship between tobacco and blood Pb [36] . Thus, more detailed studies of the mechanisms of synergy of smoking and circulating Pb levels, on BMD, are warranted.
Secondly, accumulating evidence shows a critical role for the Wnt/β-catenin signaling pathway in bone mass homeostasis [2] . Recent studies reported that toxic mechanisms of Pb on bone inhibit Wnt/β-catenin [37, 38] signaling, and a recent phase II trial of an antagonist of schlerostin, an inhibitor of Wnt signaling, demonstrated efficacy in increasing BMD (PMID: 25196993). However, more definitive mechanisms remain largely unknown, and very few studies have examined metal exposure as a biological mechanism of osteoporosis [37] . Researchers now recognize that gene-environmental interactions, in risk assessment for a myriad of human diseases, are crucial for studying mechanisms of disease pathogenesis [39, 40] . Toward that objective, we identified blood Pb to significantly associate with BMD in smokers, using pathway analysis for investigating interaction effects of genetic variants and blood Pb, on BMD, using a recently improved gene set enrichment analysis (GSEA). Resultantly, we found that both the nuclear receptor and vascular endothelial growth factor (VEGF) pathways associate with BMD and bone pathophysiology.
Nuclear receptors (NRs) are a family of ligand-regulated transcription factors that are activated by steroid hormones, such as estrogen and progesterone, and various lipid-soluble signaling molecules, including retinoic acid, oxysterols, and thyroid hormone [41] . NRs are a group of transcription factors that, through ligand (mostly, steroid) binding, drive adaptive gene expression responses to changes in numerous nutritional, environmental, developmental, pathophysiologic, and endocrine conditions. NRs also function as metabolic sensors that control a variety of physiological processes, including skeletal homeostasis [42] . Recently, Chen et al., reported a positive association between blood Pb and reproductive hormone levels, in men and postmenopausal women [43] . Moreover, experimental and epidemiological studies have shown that environmental metals (e.g., Pb) may mimic NR ligands (including hormones) as crucial regulators of development, homeostasis of male and female reproductive organs, and the maintenance of bone remodeling [44] . Growing evidence supports Pb parody of the systemic action of lipophilic hormones (e.g., thyroid, vitamin D, etc.) that play a crucial role in bone development, maintenance, and pathophysiology [45] [46] . However, while other recent studies have delineated many functions of liganded NRs, including their molecular mechanisms of action on bone cells, many questions remain unaddressed.
Vascular endothelial growth factor (VEGF) is a survival factor required for effective coupling of angiogenesis and osteogenesis [47, 48] . For example, VEGF is produced by inflammatory cells, as well as mesenchymal progenitors, that are recruited to sites of bone injury [49] , while also stimulating osteoclast differentiation in the bone marrow. Angiogenesis, the process mediated by VEGF, plays a key role in homeostatic responses to various toxic insults [50] . Studies similar to ours report that low Pb exposure upregulated VEGF in the bone marrow [51] , increasing angiogenesis [52] and osteoclastogenesis [53] . VEGF is also upregulated in pathologies such as bone metastasis and rheumatoid arthritis [54] , which also diminish BMD [55] . Recent data indicate that Pb induces VEGF synthesis via PKC/AP-1 pathway signaling, while also activating ERK signaling, both of which increase angiogenesis [56, 57] and osteoclastogenesis [58] . Therefore, further studies are required to clarify the role of Pb on VEGF biosynthesis, and other mitogenic pathways, in pathophysiology of bone metabolism.
The Wnt/β-catenin signaling pathway has emerged as a critical regulatory component of the control of bone formation and downregulation of bone resorption. It is important to understand that crosstalk between multiple signaling pathways exists to regulate bone density. For example, estrogen receptor signaling and the Wnt/β-catenin pathway act synergistically in osteogenic differentiation [59, 60] . Thus, deficiencies in these pathways contribute to low BMD. In addition, Wnt/β-catenin signaling pathway is an important mediator for tissue factor-induced VEGF production during the process of angiogenesis [61] . Therefore, we will consider how crosstalk between signaling pathways, inhibited by Pb, might downregulate BMD, in future studies.
While our findings of genetic variation and blood Pb interactions, at the levels of SNPs, and their associated pathways, were seemingly inconsistent for specific genes or chromosomal regions, it is interesting that all the interactions at these two levels implicated genes/pathways involved in angiogenesis, bone mass, and nuclear receptor signaling, suggesting that several possible mechanisms underlie the pathogenesis of osteoporosis.
One limitation of our study is the lack of replicate analyses of the interactive effects between Pb and distinct genes, on BMD. However, our results do provide biological knowledge of pathways, involving multiple genes, including responses to smoking and low-level Pb exposure, thus justifying further studies of Pb toxicity and its effects on BMD. Another limitation is the small study population. In particular, the small sample size of current smokers (n = 119) precluded stringent statistical significance. Nonetheless, we identified significant novel pathways associated with genetic variation and Pb exposure, and their effects on BMD. Further mechanistic studies are required to confirm our findings, both in vivo and in vitro. In addition, we did not consider other heavy metals that might influence BMD in current smokers. However, numerous studies indicate that Pb, Cd, and Al associate with bone mineral density, and we surmise that our studies for genetic association with metals, via the potential mechanisms we identified, can be applied to other metals.
In conclusion, even low blood Pb levels associate with the prevalence of osteoporosis, after adjusting for multiple covariates. In particular, Pb negatively associates with BMD in smokers. Using GWAS-based pathway analysis of genetic variation on BMD susceptibility, we found that the nuclear receptor and VEGF pathways (e.g., angiogenesis) were significantly enriched, with regard to blood Pb, in the prevalence of osteoporosis, in current smokers. This association evokes significant implications for the deleterious effects of environmental metals on human health, warranting further molecular and cellular experimental investigation. 
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